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ABSTRACT 



The disclosure includes a vertical field-effect transistor 
(115) with a laterally recessed channel region (92), a 
vertical field-effect transistor (116) having a graded 
diffusion junction (31), a static random access memory 
cell (110) having a vertical n-channel field-effect transis- 
tor (116) and a vertical p-chaunel field-effect transistor 
(115) and methods of forming them. In one embodi- 
ment, a six-transistor static random access memory cell 
(110) has two pass transistors (111 and 114), which are 
planar n-channel field-effect transistors, two latch tran- 
sistors (113 and 116), which are vertical n-channel field- 
effect transistors with drain regions having graded dif- 
fusion junctions (31), and two load transistors (112 and 
115), which are vertical p-channel thin-film field-effect 
transistors having laterally recessed channel regions 
(52). 

20 Claims, 8 Drawing Sheets 
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FORM A N+ BURIED LAYER 
WITHIN A SILICON SUBSTRATE 



EPITAXIALLY GROW A FIRST SILICON 
LAYER OVER THE SILICON SUBSTRATE 
AND THE N+ BURIED LAYER 
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FORM FIELD ISOLATION AREAS AND 
PLANAR N-CHANNEL TRANSISTORS 
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FORM VERTICAL N-CHANNEL 
TRANSISTORS INCLUDING GRADED 
DIFFUSION JUNCTIONS 



-13 



FORM VERTICAL P-CHANNEL THIN 
FILM TRANSISTORS INCLUDING 
LATERALLY RECESSED CHANNEL REGIONS 
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MAKE ELECTRICAL INTERCONNECTS 
AND PASSIVATE THE CELL 
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1 2 
METHODS OF FORMING A VERTICAL SUMMARY OF THE INVENTION 

FIELD-EFFECT TRANSISTOR AND A Embodiments of the present invention include averti- 

SEMICONDUCTOR MEMORY CELL cal field-effect transistOT with a laterally recessed chan- 

' 5 nd region, a vertical field-effect transistor having a 

FIELD OF THE INVENTION source/drain region with a graded diffusion junction, 

The present invention relates to the field of semicon- a s ? tic random access memory cell having a vertn 

doctor devices, and in particular, to vertical field-effect *T n T^ U ! cl fidd " effcct transistor tod a vertical p- 
transBtors and semiconductor memory cells using the , n chamU ? transistor. One skilled in the art 

vertical field-effect transistors. 10 appreciates that a vertical transistor including a sour- 

ce/drain region with a graded diffusion junction or a 
BACKGROUND OF THE INVENTION laterally recessed channel region may be used in any 

Vertical field-effect tran^ %g fj^^^\ d< ^ as a memory device 

conductor devices, such as a dynamic random access 15 ^^9^ SRAM, etcO or a logic device (rmcroproces- 
memory (DRAM) or a static randoT access rnemo^ "°* for ex ^ L ^ I~t mventon includes the 

mchides a memory array havrnjr a plurality of memo rv ■ ' „ "~» . *** 

„ . . m * * • k*«*«»7 w memory transistor static random access memory cell has two 

°^ h ™f * ^ « ******* in transistors that are planar ^nSLTee^S 

lS^l^^ a !ST f€dl n sm * Ua "* a *"y 20 trustors, two latch transistors that are vertica^ 

ceU is typically faster and has a sn^ernumber ofde- channel field-effect transistors with drain rcJomTw 

fec^pared <* emerging ing graded diffusion junctions, and two load fran^rs 

^mc-logies « vertocal field-effect transistors to re- that are vertical p^rLmnel thin-film field-effect transis- 

duce the size of^ memory . ^ tors having lateraflyrecessed channel regions. 

,r£r^?T^!!f^ A device made in accordance with the^esent inven- 

(CMOS) technolop SRAM cell typically includes both tied mchides many benefits. The use of verdc^n^han- 

^^^^JF*? 1 ^ ttamotors. A CMOS technol- nel and p-channel fidfreflect transistom at different 

ogy SRAM cell typically does not include both vertical elevations minimizes the memory cell area without a 

n-channel and vertical p-channel transistors within the „ complicated field isolation process. A vertical field- 
semiconductor substrate. The .vertical n-channel and - effect transistor may include a graded diffusion junc- 

vq ^ cal P-charmel transistors may have an undesired tkm. In an embodiment of the invention described be- 

elcctron flow between each other. In order to prevent low, the graded diffusion junctions are formed so that 

the undesired electron flow between the vertical n- the junctions are self aligned to silicon trenches of verti- 

channel and vertical p-charmel transistors, the transis- 35 cal transistors and allows larger electrical currents to 

tors may be placed further apart, but this causes the flow within the drain regions of the vertical transistors, 

memory cell to be larger. A com p licated field isolation The graded diffusion junctions may also form lightly 

process may be needed to electrically isolate the transis- doped drain structures for the vertical transistors and 

tors from one anothe r , but the process may be difficult may reduce hot electron device degradation of the 
to perform or need additional processing steps, . 40 vertical transistors. The channel regions of another set 

Vertical field-effect transistors are more likely to of the vertical transistors are laterally recessed and are 

have problems because of the manner in which the ^ likely to be doped during the formation of source 

source and drain regions are formed compared to planar drain regions of those vertical transistors. Channel 

field-effect transistors. In a planar transistor, the chan- lengths for the vertical field-effect transistors of the 

nel region is typically covered by the gate electrode 45 embodiment are a function of the thickness of a layer in 

when the source and drain regions are formed. Many which the vertical field-effect transistor is formed, 

vertical field-effect transistors have source and drain Channel lengths for planar field-effect transistors typi- 

regions that are ion implanted during the same process- caUy h * vc channel regions that are dependent on litho- 

ing step. The channel region may be exposed during the graphic methods, which are typically limited by the 
ion implanting step. Although the channel region may 50 1 ^hition limit °* the hthographic method used. The 

receive a traction of the total doping, the doping of the channci l€a ^ for the vertical field-effect transistor 

channel region may significantly alter the electrical may smaUar bcttcr controlled compared to pla- 

characterisfces of the transistor. lighUy^doped^rain ^ trarisfators because a layer may have a thickness 

(LDD) structures, which are part of the source and anaflcr than the resolution limit of many lithographic 

drain regions, are tyraV^y formed using 33 ^f^wf 1 f JL^J* 

a more gradual electric field within the active region BRIEF DESCRIPTION OF THE DRAWINGS 
near the draintegion to reduce hot electron damage to The present invention is illustrated by way of ezanv 

the ga* chelectnc layer near die dram region. Vertical p]e and not limitation in the figures of the accompany- 

field^ect trans«tors typically do not include LDD mg drawings, in which like references indicate similar 
structures. Therefore, the vertical field-effect transistor 65 elements, and in which: 

is more likely to have reliability problems caused by hot FIG. I includes an illustration of a prior art circuit 

electron degradation compared to the planar transistor diagram of a six-transistor static random access memory 

with a LDD structure. cell. 
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FIG. 2 includes an illustration of a top view of a static methods and thickness control of a layer is typically 

random access memory cell formed in accordance with than dimensional control of those lithographic methods, 

an embodiment of the present invention. The embodiments described below illustrate a few 

FIG. 3 includes a flow chart of processing steps used embodiments of the present invention. The examples 

to form the memory cell of FIG. 2. 5 are meant to be illustrative and not limiting One skilled 

FIG. 4-13 include illustrations of cross sectional in the an appreciates that the embodiments described 

views of a portion of a semiconductor substrate at vari- below may be changed without affecting the spirit or 

ous process steps in forming the FIG. 2 memory cell scope of the present invention. 

FIG- 14-15 include illustrations of cross sectional ~; AMDT — . 

views of the FIG. 2 memory celL 10 iiXAMFLE 1 

FIG. 16-20 include illustrations of cross sectional ' FIG. 1 includes a circu it diagram of a six-transistor 

views of a semiconductor substrate at various process static random access memory ceU 110. The memory cell 

steps in forming a memory cell in accordance to another includes six field-effect transistors 111-116 having 

embodiment sources, drains, and gates, wherein the memory cell 110 

* ~ «~ ~™ 15 has three pairs of transistors: two "pass" transistors 111 

DETAILED DESCRIPTION and 114; two "pull-down" or "latch" transistors 113 and 

Embodiments of the present invention include a verti- 116 J two "pull-up" or "load" transistors 112 and 

cal field-effect transistor with a laterally recessed chan- Within each pair, the transistors are similar to one 

nel region, a vertical field-effect transistor having a another. The pass transistors 111 and 114 have first 

source/drain region with a graded diffusion junction. 20 source/drain regions and second source/drain regions, 

and a static random access memory cell having a verti- Tne 6131 source/drain regions are connected to two 

cal n-channel field-effect transistor and a vertical p- separate bjt fines, wherein a first bit line has inverted 

channel field-effect transistor. One skilled in the art logic com P ared 10 a second bit line, which means the 

appreciates that a vertical transistor including 'a sour- first bit line has a relatively high potential compared to 

ce/drain region with a graded diffusion junction or a 25 ^««*»ribfchne, or the second oh fine has a relatively 

laterally recessed channel region may be used in any ^ P 0 **** 1 compared to the first bn lme. The pass 

type of semiconductor device, such as a memory device transistors J^^U4have theu« gates competed to a 

(DRAM, SRAM, etc) or a logic device (microproces- word line. Tbelatch transistors 113 and 116 have their 

sor), for example. The prese«5 invention techX^ ^ ? X? typically at about 

memory cXthe vertical field-effect transistors, and 30 ^^S^St^S^ ° pcratmg ' ™fi 0ad 

methods of forming both. In one embodiment a six- tondstors m and 1 15 have their sources connected to 

transistor static random access memcr?cXta ^two V f » * a VoHs 

pass transistors that are V ^^^JuL^c^i when the ce^or^atm^ memory cell inchides a 

£m«fc*«« ur^u ^Lt^ ITTTT first storage node 121, which is where the second sour- 

^^f^^t^^^^J'V^J^ 35 <* P** transistor 111 and the drain 

regions of theload tranristox 112 and the latch transistor 

mg graded diffusion Junctions, and two load transistors ^ m electrically connected to one another and a 

that are verfceal p^mannel A^film field-effect trans*- ^ ^^^c ^^^^^'J^ 

SSSS 'ESS^T n^^y"^^^^^^ 

nel and pK&annel field-effect transistors at different hereinafter, transistors 111-113 are associated with the 
elevations ^— zes me memory cell area without a fin* storage nocc 111, and tr^^ 
ccn^hcated field isolation process. A verbal field- ciatedwith the second storage node 122. The traiisistors 
effect transistor^may include a graded diffusion junc- 45 m fanher mterconnected to one another within the 
turn. In an embo^ent of the mvention described be- mcm0 ry cell as shown in FIG. 1. 
lS w ! th l£f ded d 2T m m fon J? cd «° FIG. 2 includes a top view of a six-transistor, comple- 

te jtmctxms are setf aligned to silicon trenches of verti- m entary metal^xide^semiconductor technology static 
cal tractors and allows larger electrical currents to random access memory cell in accordance with one 
flow within the drain regions of the vertical transistors. 30 embodiment. The memory cell occupies less substrate 
The graded diffusion junctions may also form lightly area by using both vertical n-channel transistors and 
doped dram structures for the vertical transistors and vertical p-channei transistors. The memory ceU in- 
may reduce hot electron device degradation of the eludes the transistors 111-116, wherein the pass transis- 
vertical transistors. The channel regions of another set tors 111 and 114 are planar n-channel field^effect tran- 
of the vertical transistors are laterally recessed and are 55 sisters, the latch transistors 113 and 116 are vertical 
less likely to be doped during the formation of source . n-channel field effect transistors, and the load transis- 
and drain regions of those vertical transistors. Channel tors 112 and 115 are vertical p-channel thin-film field- 
lengths for the vertical field-effect transistors of the effect transistors. The memory cell is generally orga- 
embodirnent are a function of the thickness of a layer in n WrA into two rows of transistors, wherein the transis- 
which the vertical field-effect transistor is formed. 60 tors 111-113 generally lie beneath bit line 1201, and the 
Channel lengths for planar field-effect transistors typi- transistors 114-116 generally he beneath bit line 1202. 
caHy have channel regions that are dependent on litho- The bit lines 1201 and 1202 are connected to the first 
graphic methods, which are typically limited by the source/drain regions of the pass transistors 111 and 114 
resolution limit of the lithographic method used. The by bit lines contacts 1211 and 1212, respectively. The 
channel length for the vertical field-effect transistor 65 gate electrodes of the two pass tr ansist ors 111 and 114 
may be smaller and better controlled compared to pla- are part of word line 1230. The gate electrode of the 
nar transistors because a layer may have a thickness latch transistor 116 is connected to the drain region of 
smaller than the resolution limit of many lithographic the load transistor 112 by item 1233. The gate electrode 



5,364,810 

5 6 

of the latch transistor 113 is connected to the drain A field isolation region 23 is formed using a conven- 
regkrn of the load transistor 115 by item 1234. Items . tional local oxidation of silicon field isolation process. 
1233 and 1234 are generally parallel to the word line Referring to FIG. 2, the field isolation region lies be- 
123a The source regions of the load transistors 112 and tween the first storage node transistors (111-113) and 
115 arc electrically connected to one another by a sili- 5 the second storage node transistors (114-116). The field 
con layer that covers the memory cell to the left of the isolation region 23 may also be used to electrically iso- 
center of the word line 1230 (as indicated by item 1217) late the memory cell from other regions (not shown) of 
except for octagons 1213 and 1215. The silicon layer is the substrate 20. A first gate dielectric layer 24 is 
electrically connected to Vcc (not shown) that is at a formed by thermally oxidizing the first silicon layer 22 
potential in a range of about 3-5 when the memory cell 10 within the active region as shown in FIG. 4w A first 
is operating. The gate electrodes of the load transistor conductive member 25, which is part of the word line 
112 and the latch transistor 113 are connected by item 1230, is formed over the first gate dielectric layer 24. 
1245, and the gate electrodes of the load transistor 115 The first conductive member 25 is formed by depositing 
and the latch transistor 116 are connected by hem 1246. a silicon layer over the gate dielectric layer 24 and 
FIG. 14 and 15 are cross sectional views of the memory 15 heavily doping the first silicon layer with phosphorus, 
cell as indica t ed by cross sectioning lines 14 — 14 and The silicon layer is patterned using conventional htho- 
15--15, respectively, as shown in FIG. 2. FIG. 14 and . graphic and etching techniques to form the first con- 
15 include cross references between the elements used ■? ductive member 25 that is about 0.5 micron wide. The 
to form the memory cell and FIG. 2 that includes the first conductive member 25 forms part of the word line 
top view of the interconnections of the transistors 20 1230. The substrate is heavily doped with arsenic to 
within the memory cdL form second doped regions 26 and third doped regions 

FIG. 3 includes a process flow chart for a process 27 both within the first silicon layer 22. FIG. 4 includes 
flow used to form the memory cell fllustrated in FIG. Z one of the second doped regions 26 and one of the third 
A N+ buried layer u formed within a monocrystaffine , < doped regions 27. Another second doped region (not 
silicon substrate (silicon substrate) (step 10). A first 23 shown) and another third doped region (not shown) 
silicon layer is epitaxially grown over the silicon sub- similar to those shown in FIG. 4 are formed within the 
strate and the N+ buried layer (step 11). Field isolation memory ceil. The pass transistors, which are planar 
regions and the planar n-channel transistors that are the n-channel transistors, have been formed and each in- 
pass transistors are formed within the first silicon layer eludes part of the first conductive member 25, part of 
(step 12). The vertical n-channel field-effect transistors 30 the second doped region 2d, and part of the third doped 
that are the latch transistors of the memory cell are region 27. / - 

formed within trenches of the first silicon layer. The A second m*<Vln g layer 30 is formed over the sub- 
vertical n-channel field-effect transistors of the embodi- strate. The second masking layer is formed by steps 
ment include drain regions with graded diffusion juno including depositing a silicon dioxide layer about 1700 
tions (step 13). Vertical p-channcl thin-film field-effect 35 angstroms thick and patterning the silicon dioxide layer 
transistors that are the load transistors of the memory and the first gate dielectric layer 24 for a first tim e to 
cell are formed within a patterned insulating layer that form the second masking layer 30 having openings, 
lies over the first siHcon layer (step 14). The vertical wherein each opening exposes a portion of each second 
p-channcl field-effect transistors of the embodiment doped region 26 where the trenches for the latch tran- 
include laterally recessed channel regions. Electrical 40 sistors 113 and 116 are subsequently formed. The sub- 
mterconnects to the memory cell are made, and the strate is heavily doped with phosphorus and then an- 
memory cell is passivated (step 15). Below is a detailed nealed to activate and drive the phosphorous ions and 
description of the process steps performed to form the form graded diffusion junctions 31. FIG. 5 illustrates 
memory cell of this embodiment FIG. 4-13 illustrate one of the graded diffusion junctions 31. 
cross sectional views of a portion of the memory cell a 45 Using the second masking layer 30 as a silicon etch 
generally depicted along cross sectioning fine 14—14 of mask, the first silicon layer 22 is selectively etched to 
FIG. 2. form trenches 32, wherein each trench 32 has a bottom, 

FIG. 4 includes a (100) lightly p-type doped mono- top, and walls and has a depth of about 1.4 microns as 
crystalline silicon substrate 20. A first masking layer shown in FIG. 6". An active region for each n-channel 
(not shown) is formed over the substrate 20. The first 50 vertical transistor includes the N+ buried layer 21 and a 
masking layer includes a patterned silicon dioxide layer graded diffusion junction 31, and a channel region 34, 
and a first masking layer opening. The substrate is ion which is that portion of the first silicon layer 22 lying 
implanted with arsenic to form a doped region is formed between die N+ buffed layer 21 and the graded diffu- 
within the substrate beneath the first masking layer aion junction 31. In the finished memory cell 110, the 
opening. A thermal step is performed to activate and 55 graded diffusion junction extends about 0.4 micron 
diffuse the dopant to form a N+ buried layer 21. The from the upper surface of the first silicon layer 22. A 
thermal step also grows some silicon dioxide over the second gate dielectric layer 33 is formed adjacent the 
N+ buried layer 21, The masking layer and silicon diox- walls and bottoms of the trenches 32 by thermally 
ide over the N+ buried layer 21 are men removed, and growing silicon dioxide from silicon that lies adjacent 
a first silicon layer 22 about 1.4 microns thick is formed 60 the trenches 32 as shown in FIG. 6. 
over the substrate 20 and the N+ buried layer 21 by The second masking layer 30 is patterned for a second 
epitaxially depositing silicon using dichlorosilane with time to form second openings through the second mask- 
boron doping to produce a lightly p-type doped mono- ing layer 30. The second openings expose portions of 
crystalline silicon layer. During the epitaxial growth the second doped regions 26 over which a load transis- 
step and subsequent thermal steps, part of the N+ buffed 65 tor is subsequently formed. A second silicon layer 40 
layer 21 diffuses into the first silicon layer 22, but the that is in-situ doped with arsenic ts deposited over the 
N+ buried layer 21 remains adjacent to the lower sur- second masking layer 30 and within the trenches 32 and 
face of the first silicon layer 22. second openings of the second mA*imi g layer. A tita- 
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nium silicide layer 41 is formed over the second silicon 
layer 40 from a portion of the second silicon layer 40. 
The combination second silicon layer 40 and titanium 
silicide layer 41 is patterned using conventional meth- 
ods to form second conductive members. The latch 
transistors, which are vertical n-channel transistors, 
have been formed, wherein each latch transistor has a 
source region that includes a portion of the N+ buried 
layer 21, the channel region 34, a drain region mat 
includes one of the graded diffusion junctions 31, the 
second gate dielectric layer 33, and the gate electrode, 
which is a portion of one of the second conductive 
members that includes the second silicon layer 40 and 
the titanium silicide layer 41. Each second conductive 
member electrically connects the gate electrode of a 
latch transistor associated with one storage node with a 
second doped region 26 associated with the other stor- 
age node. FIG.. 7 includes an illustration of one of the . 
latch transistors and both of the second conductive 
members that each include a silicon layer 40 and a tita- 20 
nium silicide layer 41. 

A first insulating layer 44 having a planar surface and 
comprising silicon dioxide is formed over the second 
masking layer 30 and the titanium suicide layer 41 of the 
second conductive members as shown in FIG. 7. The 25 
first insulating layer is about 1.2 microns thick over die 
titanium silicide layer 4L Referring to FIG. 8, a third v 
masking layer 50 is formed over the first insulating layer 
44 by depositing silicon to a thickness of about 800 



8 



10 



15 



doped second silicon layer 60 conductive, while virtu- 
ally preventing dopant from entering that, portion of the 
second silicon layer 60 lying along die walls of the first 
insulatin g layer openings 51, winch is where the chan- 
nel regions of the load transistors are subsequently lo- 
cated. The ion implant is performed at a nominal sub- 
strate tilt angle of about zero degrees using a p^TglVt 
scan ion implanter, such as the Extrion 220 ion im- 
planter made by Varian Associates, for example. The 
substrate nit angle is a measure of the angle at which the 
ions travel towards the substrate, wherein a substrate 
tilt angle of zero degrees corresponds to a direction 
normal to the surface of the substrate. Although the ion 
implanting step is performed at nominally zero degrees, 
the actual substrate nit angle may vary by as much as 
±0.5 degrees. The second silicon layer 60 is laterally 
recessed along the sides of the first insulating layer 
openings 51 to virtually prevent doping the second 
silicon layer 60 during the formation of the source ,and 
drain regions of the load transistors. The isotropic etch- 
ing of the first insulating layer 44 when forming open- 
ings 51 is determined in part by the actual substrate nit 
angle during the ion implantation of the Seconal silicon 
layer 60. The second silicon layer 60 is selectively 
doped by ion implanting boron difluoride ions at "an 
energy of about 40 loloelectron volts to a dose of about 
5E15 ions per square centimeter. The substrate is km 
i mplant e d in four segments, wherein the substrate re- 
ceives about a quarter of the total dose and is then ro- 



angstroms and patterning the silicon using conventional 30 tated about 90 degrees along a plane that is generally 



methods. The third tnaglring layer 50 has third maskin g 
■* layer openings, wherein each third m«gVtwg layer ex- 
poses a portion of the first insulating layer 44 where a 
load transistor is subsequently formed. Each third mask- 
ing layer opening has a center, and a line through the 
cen ter and generally normal to the substrate surface 
forms a lateral centerline for the third madTing layer 
opening. The exposed first insulating layer 44 is aniso- 
tropically etched to form openings through the first 



parallel to the substrate surface. FIGS. 10 and 11 in- 
clude illustrations of the first and third segments of the 
ion implant, which are depicted by the arrows 62 and 72 
that illustrate a slight non-zero impl»nfr angle as seen 
35 from the substrate surface. 

The first msnlating layer 44 is patterned for a second 
time to form openings through the first jn^nlatfag layer 
that expose 1) the titanium silicide layer 41 of the sec- 
ond conductive members that lie above the latch tran- 



insulating layer 44 that extends to the surface 52 of the 40 sistors and 2) portions of the third doped regions 27. 



titanium silicide layer 41 of a second conductive mem- 
ber. The first msnlating layer 44 is then isotropically 
etched using a buffered oxide etchant so that the second 
masking layer 50 is undercut (as shown by arrows 53) 
by about 200 angstroms on each side of the third mask- 45 
ing layer openings to form the patterned first insulating 
layer including first insulating layer openings 51 having 
generally vertical walls. A second silicon layer 60 about 
450 angstroms thick is formed by depositing silicon 
in-situ doped with phosphorus over the first msnltttjn g 50 
layer 44, the third masking layer 50, and along the bot- 
tom and walls of the first msnlating layer openings 51. 
The second silicon layer 60 and the third moving layer 
50 are patterned using conventional methods to remove 
those portions of the two layers 50 and 60 that lie within 
the octagons 1213 and 1215 and to the right of the cen- 
ter of word hue 1230 as illustrated in FIGS. 2 (item 
1217) and 9. A third gate dielectric layer 61 about 200 
angstroms thick is thermally grown from the second 
silicon layer 60 and the exposed sides of the third mask- 
ing layer 50 as shown in FIG. 9. 

The second silicon layer 60 is selectively doped to 
form source regions and drain regions of the load tran- 
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60 



Third conductive members 90 and 91 are formed by 
depositing a silicon layer that is in situ doped with ar- 
senic and patterning the silicon layer using conventional 
methods as shown in FIG. 12. The third conductive 
members 91 contacts the third doped regions 27. Por- 
tions of the third conductive members 90 form the gate 
electrodes of the load transistors. Each load transistor is 
a vertical p-channel thin-film transistor having a source 
region that includes that a portion of the second silicon 
layer 60 lying along the bottom of a first insulated layer 
opening 51, a source region that includes a portion of 
the masking layer 50 and pan of the second silicon layer 
60 adjacent the top of the same first insulating layer 
opening 51, a laterally recessed channel region 92 that 
i n c lu d es a portion of the second silicon layer 60 adja- 
cent the walls of the first msnlating layer opening 51, 
the third gate dielectric layer 61, and a gate electrode, 
which is a portion of a second conductive member 90. 
Each third conductive member 90 also electrically con- 
nects the gate electrodes of the latch and load transis- 
tors associated with the same storage node. 

A second patterned insulating layer 100 is formed 
over the third conductive members 90 and 91 as shown 
in FIG. 13. The second patterned msnlating layer 100 is 



sistors and to electrically connect the source regions of 

the load transistors together. The selective doping 65 formed by depositing a bcxophosphosilicate glass layer 
needs to be performed so that the second silicon layer and planarizing and patte rning the glass layer to form 
60 is heavily doped along the bottom and adjacent the the patterned second insulating layer 100 mclnding 
top of the first insulating layer openings 51 to make the contact openings that expose the third conductive mem- 
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bers 91. Additional contact openings (not shown) may may achieve a dimension as low as 0.2 microns and may ' 
be formed to connect the N+ buffed layer 21 to a Vss allow the formation ofa memory cell occupying an area 
electrode (not shown), the first conductive member 25 slightly less than one square micron. The memory cell 
to a column decoder (not shown), and the second silt- area is achieved by using vertical transistors for both 
con layer 60 to a Vcc electrode (not shown). The open- 5 the latch (n-channel) and the load (p-channel) transis- 
mgs are filled with contact plugs 101 including tung- tors. The latch and load transistors are located at differ- 
sten. Interconnect members 102 are formed by deposit. eat elevations and allows the transistors to be placed 
mg an aluminum layer over the patterned second insu- close together as seen from a top view of the memory 
lating layer 100 and the contact plugs 101 and then cell- If the latch and load transistors were both fabri- 
pattcrning the aluminum layer. Each interconnect mem- 10 cated within the first silicon layer 22. the transistors 
ber 102 is pan of a bit line that makes an electrical con- would either need to be placed further apart or a com- 
nection with one of the doped third regions 27 via one plicated isolation process would be needed to keep the 
of the contact plugs 101 and one of the third conductive transistors electrically isolated from one another 
members 91. The substrate is then covered by an oxyni- Referring to FIO. 6, the graded diffusion junctions 31 
tnde passivation layer 103 to form a finished memory 13 are self aligned to the trenches 32 of the latch transistors 

CC „„„ ' .' .' hmnwf the same openings within the second masking 

FIGS. 14 and 15 are cross sectional views of die layer 30 are used during both the doping step that forms 

memory cell formed in accordance to the previously the graded diffusion junctions 31 and the trench forma- 

descnWstepsa^mdicatedmFI0.2by oposssection- tion step. The self-aligned graded diffusion junction 31 

■£ *■? . 14 ~ 14 . *SfE* r - FlQ J*' 20 has an additional benefit in that larger electrical cur- 

wmch is similar to FIO. 13, and FIO. 15 illustrate how ^ my flow through the doped regions near the top 

some of the layers .md elements correspond to the top ofthe trench of the latch transistors 113 and 116. The 

^ tS^t "^H* "t^v m f^ , Rcfcmng - 10 graded diffusion junctions 31 may also forms lightly 

i ' £?, makes electrical connectton ^ped ^ structures for the latch transistors andmay 

^ ^^l^f^ 2"S 2'"^ f 00 ^* 23 reduce hot electron device degradation of the latch 
1212. The portion of the bit hne contact 1212 that lies transistors. 

above ^ dashed line corresponds to the tungsten plug second conductive members 1233 and 1234 form 

101 and the portion that hesbdow the dashed hne cor- electrical connections between the second doped re- 

Srflt-S^l^ ^n^JT^S ^ ° f Pons 26 that are n-type doped and the drain regtons of 
FIO. 13. The word luw (1230 includes the first conduc- 30 the load transistors 112 and 115 that are p-typedoped. 

£f^n J^Sa^JLTl MCond ,"^" ct,v '^ The titanium suicide layer 41 ofthe second conductive 
^ C °^. th fu ga ! C deCtrodes °{ members 1233 and 1234 is a conductive barrier layer 

Y^^T"^ "f" to *!^ r T r ^? ons of that virtually prevents dopant migration between die 
fee load transfers USaadlU, i«P~bvdy The por- n -type doped regions 26 and the p-type doped drain 
taOBS of the second conductive members 1233 and 1234 35 regions of the load transistors 112 and 111 Theconduc- 
that he above the dashed I toes corresponds to the tita- fl V e barrier layer may comprise other materials, such as 
mum sdiade layer 41 and the portions that lies below cobalt sflicide, molybdenum suicide, tungsten suicide, 
^^^^'^^^ a ^ a T AtaXC ^X^ titanium nitride, etc.. that may be used with or in place 
40 both of FIG. 13. The third conductive member 1246 ofthe titanium suicide layer 41, as long as the conduc- 
connects the gate electrodes of the transistors 115 and 40 tive barrier layer virtually prevents dopant migration 
"f to *A a ^ , i h< f ^ SeCOnd l 5^ C J DOde P rovid « «"» electrical connection between the n- 

^ d ° P ° d region 16, the type and p-type regions. The titanium suicide layer 41 

graded diffusion junction 31, the second conductive also provides an etch stop when etching the first insulat- 
member 1233, and that portion of the second silicon j,™. 44 

layer 60 that Uesatong the bottom of the first insulating 45 The toad' transistors 112 and 115 include laterally 
52? SS 3 " 11 * ^ *f ^ U ^?j£ eS . tW1 and «=cessed channel regions 92. The laterally recessed 
J^*^ i?^* mCT ^ Cr ^ channel regions 92 virtually undoped doping from the 

connected* third c^uctrve member 1246 to the sec- step of the forming of the source and drain regions for 
and doped region 26 that hea below the bit hne 1201 In the load translators 112 and 115. The lateral recessing is 
tins manner, the gate electrodes of the latch and load SO performed by faotropically etching thc fast fasutoting 
transistors associa t ed with second storage node are bye, openings 51 such that the third masking layer 50 is 
electrically connected the first storage node^The com- undercut. In general, the lower limit for the amount of 
bmatoon ofthe second conductive member 1234 (shown lateral recession is determined by the thickness of the 
m FIO. 14) and thethird conductive member 1245 layer where the vertical transistor is formed times the 
forms a similar electrical connection. 55 sine of the greatest substrate tilt angle that actually 

BENEFITS AND FABRICATION OPTIONS OF occurs during the source/drain doping step. The first 
EXAMPLE 1 insulatin g layer 44 over the titanium tiliride layer 41 is 

. . . , . ... . .' . about 1.2 microns or about 12,000 angstroms. Although 

A device made in accordance with this example in- the substrate tilt angle for the source/drain doping is 
eludes manybenefits. Thc memory cell occupies an area 60 nominaUy set to zero degrees, the actual substrate tilt 
of the substrate in a range of about 24-34 times the angle may be as high as ±0.5 degree. The lower limit of 
square of the smallest feature dimension. The smallest ^ lateral recession is: 
feature dimension of the embodiment given is about 0.5 

micron (the width of the first conductive member). 12400 ugstromuiBe as degree^ 105 ugstroms 

Therefore, the memory cell area may be about six 65 

square microns. The memory cell area decreases even The upper limit is typically determined by how far the 
further if a smaller feature dimension is used. Currently, dopant during this source/drain doping step diffuses 
optical lithographic methods using phase-shifting masks beyond where the dopant is ion implanted. For exam- 



5,364,810 

11 12 

pic, if the thermal steps folio wing the doping step cause crystalline silicon layer that lies over a substrate includ- 
the dopant to diffuse about 2000 angstroms, the upper ing silicon dioxide or sapphire. The dopant types may 
limit for the lateral recession is about 2000 angstroms be reverse in that n-type doped layers and regions be- 
beyond the 105 angstroms of the km implanting step or come p-type doped, and p-type doped layers and re- 
a total of about 2105 angstroms. The isotropic etch step 5 gions become n-type doped. The conductive members 
when forming the first insulating layer opening for the may be ion impi^H, in-situ doped, or doped during a 
load transistors may etch between about 105-2105 ang- separate furnace doping step (different from a silicon 
stroms of the first insulating layer- In the previously deposition step), although in-shu doping is typically 
described embodiment, the first insulating layer 44 is used to dope the conductive members that are formed 
isotropically etched by about 200 angstroms and causes 10 within deep openings or trenches (greater than a couple 
the channel regions of the load transistors to be recessed thousand angstroms deep). In-situ doping of the con- 
by about 200 angstroms, too. A smaller lateral recession ductive members may include phosphorus or arsenic, 
is typically preferred, and therefore, the amount of The ion implanting step of the second silicon layer 60 
isotropic etching is typically closer to the lower limit may be performed without rotating the substrate, or the 
One skilled in the art may adjust the amount of isotropic 15 substrate may be continuously rotated during the step, 
etching as the thickness of the first insulating layer, the The trenches and first insulating layer openings may 
maximum substrate tilt angle, and thermal cycles are have shapes other than rectilinear shapes as shown in 
changed. If the channel regions of the load transistors FIG. 2. The trenches or first insulating layer openings 
112 and 115 were not laterally recessed, the channel may be cylindrical in which case the trench or opening 
regions of the load transistors 112 and 115 may receive 20 has only one walL 

a significant fraction of the source and drain doping that Electrical parameters may be varied by changing 

may significantly change the electrical characteristics thickness or doping parameters. Channel lengths of 

of the load transistors 112 and 115. each vertical transistor arc a function of the thickness of 

The latch and load transistors are vertical transistors the first silicon layer 22 or the thickness Of the first 

and have channel lengths that are determined in part by 25 famiatmg layer 44 oyer the titanium suicide layer 4L 

the depth of the trenches and openings, which are a The channel lengths of the transistors of the memory 

function of the thickness of the layer in which the cell also depend on the temperature and time of thermal 

trenches or openings are formed. Planar transistors steps that the source regions and drain regions are ex- 

typicaHy have channel lengths that are determined by posed. The threshold voltages of the pass and latch 

lithographic patterns. Channel lengths for vertical tran- 30 transistors depend on the boron concentration of the 

sistors may be smaller and better controlled compared first silicon layer 22 and the load transistors depend on 

to planar transistors because a layer may have a thick- the phosphorous concentration of Ac second silicon 

ness smaller than the resolution limit of the lithographic layer 60. The threshold voltages are also dependent on 

methods and thickness control is typically better than the thickness of the gate dielectric lay era. One skilled in 

dimension control of lithographic patterns. 35 the art may vary the processing parameters to give 

The previous description includes many processing desired electrical characteristics of the memory cell, 
details. One skilled in the art appreciates that many of The trench depth may be adjusted without signifi- 
the materials and thicknesses and other dimensions can cantly adversely affecting device performance. The 
be changed without deviated from the spirit or scope of depth of the trench 32 of the previously described em- 
the invention. The silicon layers or the silicon portion of 40 bodiment is about equivalent to the depth of the first 
the conductive members may include monocrystalline suicon layer 22. The trench must at least contact the 
silicon, noncrystalline silicon, or amorphous suicon; N+ buried layer 21. Therefore, the minimum trench 
the insulating layers may include silicon dioxide, silicon depth is determined by how for the N+ buffed layer 21 
nitride, or silicon oxynitride; the gate dielectric layers extends into the first suicon layer 22. There is no known 
may include silicon dioxide or silicon oxymtride; the 45 theoretical warimiim trench depth limit, and trench 32 
contact plug may include tungsten, doped polysQicon, may extend completely through the N+ buffed layer 21. 
doped amorphous silicon, metals, metal alloys, or con- Therefore, at least a portion of the bottom or walls of 
ductive metal nit ri des; the interconnect members may the trench must contact part of the N+ buffed layer 21. 
include aluminum, copper, or gold; and the passivation The memory cell described above may be formed as 
layer may include oxymtride or a phosphorous doped 50 a discrete device or with other electrical devices of an 
glass. The masking layers may comprise different mate- integrated circuit Other insulating layers, contact 
rials, but each masking layer must have a lower etch plugs, via plugs, or interconnect members may be re- 
rate than the underlying layer. The following are just a quired between third conductive members 90 and 91 
few ranges of thicknesses and dimen s io ns that may be and the passivation layer 102 to make proper electrical 
used: the first silicon layer may be between 1.0-1.8 55 connections between the memory cell and other areas 
microns thic k; the first conductive member width may of the discrete device or integrated circuit. The electri- 
be between 02-1.0 micron wide; the trenches may be cal connecting requirements of the memory cell to 
between 1.2-2.0 microns deep; the second masking other areas of the discrete device or integrated circuit 
layer be between 1500-2000 angstroms thick; the third may be done by one skilled in the art. 
masking layer may be between 700-1000 angstroms 60 

thick; the first insulating layer may be between 1 .0 and EXAMPLE 2 

1.4 angstroms thick; the second suicon layer may be In another embodiment, modifications to Example 1 

between 400-500 angstroms thick; and the third gate are presented to better illustrate method or device op- 

didectric layer may be between 100-300 angstroms tions available including a laterally recessed channel 
thick. The list of materials, thicknesses and other dimen- 65 region of a silicon trench transistor, selection of an 

sions are not intended to be exclusive or limiting. implant angle for an asymmetric trench, and forming a 

Other embodiments may include additional varia- vertical transistor having both doped regions with 

tions. The memory cell may be formed using a mono- graded diffusion junctions. The embodiment uses, the 
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substrate as described in Example 1 and is processed side 162 above point 174 because 62 is larger than angle 

using the same steps up to and mctuding the formation 01. The substrate is ion implanted using the four q ua d- 

of the graded diffusion junctions 31. FIG. 5 includes an rant method previously described. FIGS. 18 and 19 

illustration of a cross sectional view of that portion of illustrate the ion implanting during the first and third 

the substrate where one of the vertical n-channel tran- 5 segments, respectively. 

sisters is formed and includes the silicon substrate 20, a first gate dielectric layer 180 about 120 angstroms 

the N+ buried layer 21, the second silicon layer 22, the thick is thermally grown along the sides 161 an 162 and 

second doped region 26, the graded diffusion junction bottom of the asymmetric trench 160 as shown in FIG. 

31, the first gate dielectric layer 24, and the first mask- 20. The thermal oxidation also activate and diffuses the 

ing layer 3a An asymmetric trench is formed during a 10 phosphorous dopant to form doped region 180. The 

two-step etch process. Referring to FIG, 16, the first combination of doped region 181 and the N+ buried 

step b pcrfoxnied to^ the layer 22 forms a graded diffusion junction along the. 

gaded junction 31 and the second sflicon layer 22 to the ^ ^ ^ asymmetric trench 160. The balance of the 

tZff^ISr* *^5«^^™f^tofbrm processing steps starting from the formation of the first 

if^tTl!;^ r ^ IfZtT? ^"S * W conductive members uses the same processing steps as 

< U ?> ^f^SST f * ^ J£E^ P ^f^ a <i«cribed using the embodiment ofE^el. 

^ C ^^^^ , ODg \nl \ T*?a ^ embodiment descnT>ed m this ezaniple forms a 

^ Ifl^Lv^S ^n^^ of^tS^ \t vertical transistor having an asymmetric trench with 

*2L ^^SSS^E^ ,n *> Ac opening used to form the wench and 

sues 161 ana 162 are shown to be on opposite sides of 20 . ?.,_„,.*-_„ - « . , . 

the trench 16D for illustrative purposes. graded diffusion junctions for both the source and drain 

The second is^erforS recess the f^ons of the vertical n^^el transistors. One skilled 

second sihec^ ^ 22of the channel reajoi £Kr to ^the art appreciates that a vertical transistor having 1) 
forming a graded diffusion junction at the^ttom of the * lateraflrrec^ whether symmetric 

trench. The second step uses a silicon etchant, such as 25 7 asyinmctric, or 2) a graded di^ion junction for the 
potassium hydroxide, for example, that isotropics^ dam and/or soutcc reglon **** m virtuallyany 

etches the first silicon layer 22. Because the sides 161 ^f^**or device that may use a vertical 

and 162 are along different crystal directions, they etch transistor. Although the embodiments described above 
At different rates and form the as ymmet ric trench 160 as form a memory cell, a vertical transistor having a later- 
shown in FIG. 17. The etchmg time is selected such that 30 *Uy recessed channel region or a graded diffusion junc- 
about 0.17 micron of silicon is etched from side 161. tion may also be used in forming a logic device, such as 
Side 162 is etched further because the density of silicon a microprocessor, for example. 

atoms lying along that side is less than along side 161. s^ 0 ™ 0 m FIGS. 6 and 20, graded diffusion junc- 

Points 171 and 174 are locations where the second sus- tion3 formed near the top and/or bottom of a 

con layer 22 contacts the N+ buried layer 21 along the 35 trcncl1 for a vertical transistor. In a generic sense, a 
sides of the trench 16a Points 172 and 173 are locations graded diffusion junction may be formed by doping 
along the edge of the first gate dielectric layer 24 that regions adjacent to the top and/or bottom of the trench 
extends towards the lateral center of the opening with two dopants with different diffusrvities. The 
through the dielectric layer 24. Points 171 and 172 form graded diffusion junction is formed by one of the dop- 
a that makes an angle 01 with respect to a dir ection 40 ants diffusing faster than the other, 
that is generally normal to the surface of the substrate, In the foregoing speci ficatio n, the invention has been 
and points 173 and 174 form a line mat makes an angle described with reference to specific embodiments 
62 with respect to a direction that Is generally normal to thereof. It will, however, be evident that various modi- 
the surface of the substrate. Angle 01 is smaller than fixations and changes can be made thereto without de- 
angle 62 because the second step etched the side 161 at 45 parting from the broader spirit or scope of the invention 
a slower rate compared to the side 162. as set forth in the appended claims. The specification 

The substrate is ion implanted on a raster scanning and drawings are, accordingly, to be regarded in an 
ion implantcr, such as an Bxtrion 3 SOD km implanter illustrative rather than a restrictive sense, 
made by Varian Associates, for example. The substrate What is claimed is: 

is ion implanted with phosphorous ions at a nominal 50 1- A method of forming a static random access mem- 
substrate tilt angle of about seven degrees and an energy ory cell comprising the steps of: 

of about 40 kiloelectron volts to a dose of about 2E1S forming a first doped region within a semiconductor 

ions per square centimeter as shown in FIG. 18. Al- substrate, wherein the first doped region has a first 

though the implant angle is set at about seven degrees in conductivity type and the substrate has a second 

the center of the substrate, the raster scanning may 55 conductivity type that is opposite the first conduc- 
cause an actual substrate tilt angle to be as low as four tivity type; 

degrees or as high as ten degrees near the edge of the forming a first silicon layer over the first doped re- 
substrate. The amount of lateral recession is chosen gion, wherein: 

such that virtually no ions are implanted into the sides the first silicon layer has the second conductivity 

161 and 162 of the trench 160 above points 171 and 174. 60 type; 

In general, the amount of lateral recession is about the the first silicon layer has a first surface and a second 

thickness of the first silicon layer 22 above the N+ surface that lie on an opposite side of the first 

buried layer 21 (1.0 micron) times the sine of the great- silicon layer; and 

est implant angle seen at the time of doping the bottom the first doped region lies adjacent the first surface; 

of the trench 160 (about ten degrees). For this example, 65 forming a field isolation region adjacent to the second 
the amount of lateral etching needs to be about 0.17 surface; 

micron, which is approximately 1.0 micron times the forming a first gate dielectric layer over the first 
sine of ten degrees. Virtually no doping occurs into the silicon layer; 
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forming a first conductive member over the first gate 
dielectric layer and the field isolation region; 

forming second and third doped regions wi thin the 
first silicon layer adjacent the second surface and 
on opposite sides of the first conductive member to 5 
form pass transistors, wherein: 
the second and third doped regions have the first 

conductivity type; and 
each pass transistor includes a first channel region 
that lies within the first silicon layer adjacent the 10 
second surface and between the second and third 
doped regions; 

forming a first patterned masking layer over the first 
silicon layer, wherein the first patterned masking 
layer has first masking layer openings that each 15 
overlies a portion of the second doped regions 
within the first silicon layer, 

forming trenches, wherein each trench has a bottom, ' 
a top, and a wall, and extends through one of the 
second doped regions, extends through the first 20 
silicon layer and contacts the first doped region; 

forming a second gate dielectric layer adjacent the 
wafts and bottoms of the trenches; 

patterning the first patterned masking layer to form a 
second patterned masking layer including second 25 
masking layer openings that each exposes portions 
of die second doped regions; 

forming secon d conductive members adjacent por- 
tions of the second gate dielectric layer that lie 
along the walls of the trenches to form latch tran- 30 
sisters, wherein: : 

portions of the first doped .region lie at the walls of 
the trenches and act as source regions for the 
latch transistors; 

portions of the first silicon layer lie at the walls of 35 
the trenches, overlie the portions of the first 
doped regions that lie at the walls of the 
trenches, and act as channel regions for the latch 
transistors; 

portions of the second doped regions lie at the 40 
walls of the trenches, overlie the portions of the 
first silicon layer that lie at the walls of the 
trenches, and act as drain regions for the latch 
transistors; 

forming a patterned ingnlatwig layer over the first 45 
silicon layer and the second conductive members, 
wherein: 

the patterned manlatlng layer includes first insulat- 
ing layer openings each having a bottom, a top, 
and a wall; and so 
all of each first insulating layer opening overlies the 
first silicon layer and none of each first insulating 
layer opening overlies any of the trenches; 
forming a second silicon layer having the first con- 
ductivity type along the bottoms and walls of the 55 
first insulating layer openings and over a portion of 
the patterned hernia ting layer; 
selectively doping the second silicon layer to form: 
doped portions of the second silicon layer that lie 
along the bottom, near the top of each first insu- 60 
faring layer opening, and over the patterned 
insulating layer, wherein the doped portions 
have the second conductivity type; and 
wall portions of the second silicon layer lie along 
the walls and between the bottom and the top of 65 
each first insulating layer opening; 
forming a third gate dielectric layer adjacent the 
second silicon layer; 
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patterning the patterned insulating layer for a second 
time to form second insulating layer openings, 
wherein each second insulating layer opening ex- 
tends to one of the second conductive members; 
and 

forming third conductive members that are each adja- 
cent that portion of the third gate melectric layer 
lying within the first msulatmg layer openings to 
form load transistors, wherein: 
the doped portions of the second silicon layer that 
lie along the bottoms of the first insulating layer 
openings act as drain regions for the load transis- 
tors; 

the doped portions of the second silicon layer that 
overlie the tops of the first msulatmg layer open* 
ings act as source regions for the load transistors; 
and : 

the wall portions of the second silicon layer act as 
channel regions for the load transistors, 
Z The method of claim 1* wherein the step of forming 
the second conductive members comprises the steps of: 
depositing a doped silicon layer over the second pat- 
terned masking layer and within the first and sec- 
ond masking layer openings and within the 
trenches; 

forming a conductive barrier layer over the doped 
silicon layer, wherein the conductive barrier layer 
includes a material selected from a group consist- 
ing of titanium silicide, cobalt suicide, molybde- 
num suici d e, tungsten silicide, and titanium nitride; 
and 

patterning the conductive barrier layer and the doped 
silicon layer to form the second conductive mem- 
bers. 

3. The method of claim 1, wherein the step of fonning 
the patterned insulating layer comprises the steps of: 

depositing an insulating layer over the second con- 
ductive members; 

forming a third masking layer including third mask- 
ing layer openings that expose portions of the insu- 
lating layer over portions of the second conductive 
members . 

selectively etching the insulating layer to form the 
patterned insulating layer including the first insu- 
lating layer openings, wherein the first insulating 
layer openings are wider than the third masking 
layer openings, 

4w The method of claim 3, wherein: 

the substrate has a primary surface; 

each first insula ting layer opening has a correspond- 
ing third rmrelrfng layer opening that overlies that 
first insulating layer opening 

the third masking layer has edges adjacent the third 
masking layer openings; 

each third m*glfrng layer opening includes a c^ntrr 
such that a line through the center in a direction 
generally normal to the primary surface forms a 
lateral centerhne; 

the step of patterning is performed such that a first 
point is formed within each insulating layer open- 
ing and is located where the wall and the bottom of 
that iTKnlafrmg layer opening meet; 

second points, wherein each second point is that point 
located on the edge of the masking layer adjacent 
each of the masking layer openings that is closest to 
the first point of the underlying first insulating 
layer opening; and 
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each of the first points of the first insulating layer 
openings and each of the second points of the cor- 
responding third masking layer openings form a 
line having an angle at least about 0.3 degrees as 
measured from the lateral centerline for that third 
masking layer opening. 

5. The method of claim 1, wherein: 

the pass transistors are planar n-channel field -effect 
transistors; 

the latch transistors are vertical n-channel field-effect 
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the load transistors are vertical p-channel thin-film 
field-effect transistors, wherein die channel region 
comprises a material selected from the group con- 
sisting of polysOicon and amorphous silicon; and 

the channel regions of the latch transistors are formed 
at a different elevation compared to the channel 
regions of the load transistors. 

6. A method of forming a vertical field-effect transis- 
tor comprising the steps of: 

forming a first doped region within a semiconductor 
substrate, wherein: 

the first doped region has a first conductivity type; 
and 

the substrate has a second conductivity type that is 
opposite the first conductivity type; 
forming a silicon layer over the first doped region, 
wherein: ... 

the silicon layer has a first surface and a second ^ 
surface that lie on opposite sides of the silicon 
layer, 

the first doped region is adjacent the first surface; 
and 

the silicon layer has the second conductivity type; 
forming a second doped region within the silicon 
layer adjacent the second surface, wherein the 
second doped region has the first conductivity 
type; 

forming a trench having a bottom, a top, and a wall 
such that the trench extends through the second 
doped region and contacts the first doped region; 

farming a third doped region from a portion of the 
silicon layer ad j acen t the first doped region after 
forming the trench, wherein: 
the third doped region has the first conductivity 
type; 

a graded diffusion junction is formed at the wall 
and includes the first and third doped regions; 
and 

the graded diffusion junction lies along the wall of 
the trench; 

forming a gate dielectric layer adjacent the wall and 

bottom of the trench; and 
forming a conductive member , adjacent the gate di- 
electric layer that lies along the wall of the trench 
to form the vertical field-effect transistor having: 
a graded diffusion junction lying at the wall adja- 
cent the bottom of the trench; and 
a region formed along the wall of the 60 

trench and adjacent to the graded diffusion junc- 
tion, wherein the channel region has the second 
conductivity type. 
7. The method of claim 6, wherein: 
the first and second doped regions both comprise 65 
arsenic; 

the third doped region comprises phosphorus; 
the silicon layer comprises boron; and 
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the conductive member comprises n-type doped sili- 
con. 

8. The method of claim 1, further comprising the 
steps of: 

doping the first silicon layer with a dopant having the 
first conductivity type, wherein, the step of doping 
is performed after the step of forming the first 
patterned masking layer; and 
annealing the substrate to activate and drive the dop- 
ant to form graded diffusion junctions. 
. 9. The method of claim 8, wherein the first and sec- 
ond doped regions include arsenic and the dopant in- 
cludes phosphorus. 

10. The method of claim 8, wherein: 
the first and second doped regions are doped with a 

dopant having a first diffusivity; and 
the third doped region is doped with a dopant having 
a second diffusivity that is greater than the first 
diffusivity. 

11. A method of forming a vertical thin-film field- 
effect transistor comprising the steps of: 

forming an insulating layer over a semiconductor 
substrate; - 

forming a patterned masking layer including a mask- 
ing layer opening over the insulating layer, 
wherein the masking layer opening has a masking 
layer opening width; 
patterning the insulating layer to form a patterned 
insulating layer including an insulating layer open- 
ing with a top, a bottom, and a wall, wherein the 
insulating layer opening underlies the masking 
layer opening and has an insulating layer opening 
width that is wider than the masking layer opening 
width; 

forming a silicon layer having a first conductivity 
type over the patterned masking layer and along 
the bottom and wall of the insulating layer open- 
ing 

forming a gate dielectric layer adjacent to the silicon 
layer and including a portion of the silicon layer 
that lies within the insulating layer opening; 
selectively doping the silicon layer to form top 
doped, bottom doped, and wall portions of the 
silicon layer, wherein: 

" the step of selectively doping is performed by ion 
implantation with a dopant having a second con- 
ductivity type that is opposite the first conduc- 
tivity type; 

the top doped portion lies near the top of the insu- 
lating layer opening; 
the bottom doped portion lies along the bottom of 

the insulating layer opening; 
the wall portion lies along the wall and between the 
top and bottom of the insulating layer Opening 
and is not doped during the step of selectively 
doping; and 

part of the top doped portion overlies the insulating 
layer opening and the bottom doped portion but 
does not overlie the wall portion; and 
forming a conductive member that is adjacent a por- 
tion of the gate dielectric layer within the insulat- 
ing layer opening to form the vertical thin-film 
field-effect transistor, wherein the conductive 
member acts as a gate electrode for the vertical 
thin-rum field-effect transistor and is formed after 
the step of selectively doping. 
12. The method of claim 11, wherein: 
the substrate has a primary surface; 
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the patterned masking layer has an edge adjacent the 

masking layer opening; 
the masking layer opening includes a center such that 

a line through the center in a direction generally 

normal to the primary surface forms a lateral cen- 5 

terline; 

the step of patterning is performed such that a first 

point is formed where the wall and the bottom of 

the insulating layer opening meet; 
a second point is that point located on the edge of the 10 

masking layer adjacent the moving layer op ening 

that is closest to the first point; and 
the first point and second point form a line having an 

angle at least about 0.5 degrees as measured from 

the lateral cen terline. 

13. The method of claim 11* wherein the step of pat- 
terning the insulating layer includes etching the insulat- 
ing layer Isotropically. 

14. The method of claim 11, wherein the step of dop- 
ing the silicon layer also dopes a portion of the silicon 
layer lying adjacent the top of the insulating layer open- 
ing. 

15. The method of claim 11, wherein the patterned 
masking layer includes silicon. 

16u The method of claim 11, wherein: 

the step of patterning the mgnlating layer is per- 
formed such that the insulating layer opening over- 
lies a part of the device, wherein the part is selected 
from a group consisting of a doped region lying 
within the substrate and a 
overlying the substrate; and 
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the bottom doped portion of the silicon layer is elec- 
trically connected to the part. 

17. The method of claim t, wherein the step of form- 
ing the first doped region is performed such that the 
first doped region overlies only a portion of the sub- 
strate, 

18. The method of claim 1, wherein the step of selec- 
tively doping the second silicon layer is performed such 
that: 

top doped portions are the doped portions of the 
second silicon layer that lie adjacent to the top of 
the first insulating layer openings; 
bottom doped portions are the doped portions of the 
second silicon layer that lie adjacent to the bottom 
of the first insulating layer openings; and 
parts of the top doped portions overlie the first insu- 
. lating layer openings and the bottom doped por- 
tions but do not overlie the undoped portions of the 
second silicon layer. 

19. The method of claim 3, wherein the third masking 
layer , includes silicon, and wherein the step of forming 
the second silicon layer is performed such that the sec- 
ond silicon layer overlies die third twa*irin £ layer. 

20. The method of claim 4, wherein, for each of the 
first insulating layer openings, parts of the doped por- 
tions of the second silicon layer lying adjacent to the 
top and bottom of one of the first insulating layer open- 
ings lie closer to the lateral centerline compared to all of 
the wall portion of the second silicon layer lying within 

conductive member 30 that same first insulating layer opening. 

* • • • * 
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